Abstract. For the UV OH band at 306.357 nm (transition A 2 , ν = 0 → X 2 , ν = 0) that is frequently observed in hot gases containing oxygen and hydrogen (flames, arc plasmas), a very sensitive variation of two groups of unresolved rotational lines as a function of the temperature has been found. Using a numerical simulation, this variation has been calibrated as a function of the temperature and of the optical apparatus function. This calibration allows us to easily determine the rotational temperature without computing any line intensity.
Introduction
Molecular spectra [1] can successfully give information in the temperature range 2000-8000 K where atomic spectra are not strong enough to ensure a good sensitivity [2] . To determine the rotational temperature of a diatomic gas, that is generally close to its heavy species kinetic temperature, a possible method is the well known Boltzmann plot, assuming a rather high resolution optical device is available to resolve rotational lines. On the other hand-and it is most frequently the case with in situ industrial studies-molecular spectra are recorded with a poor spectral resolution that does not allow the observation of the resolved rotational lines. In this case, it is useful to compare experimental data with a computed synthetic spectrum that takes into account both the temperature and the optical apparatus function effects [3] . However, the comparison of experimental data with a synthetic molecular spectrum is often difficult to perform and previous published works do not give precise details of the fitting procedure employed. In addition, to determine the temperature, most authors deal with intensities of unresolved groups of rotational lines supposing the definition of a given spectral range. In this work, from a numerical simulation of the UV OH spectrum and an original normalization of the synthetic spectra, it has been possible to produce a calibration of the maximum amplitude of two groups of unresolved rotational lines, which are very sensitive, as a function of the temperature.
The UV OH spectrum

Generalities
The intensity I nm of a spectral line corresponding to a transition (n → m) between two levels is given by I nm = N n A nm hν nm (1) where h is Planck's constant, ν nm the frequency of the transition, A nm the spontaneous transition probability and N n the particle density in the initial state |n . A simple thermodynamics model commonly employed, giving N n as a function of the temperature T , may be found, assuming thermodynamics equilibrium and Boltzmann's law
where k is the Boltzmann constant, N 0 the particle density, Z(T ) the partition function of the particle, g n and E n the statistical weight and the energy of the state |n , respectively. From equations (1) and (2) , another expression of I nm is
where K nm = N 0 A nm g n hν nm is a constant for a given transition (n → m).
In the case when I nm is known for a given temperature T ref (I nmref is taken for reference), we can write:
At least, it is important to emphasize that the general procedure of temperature measurements from molecular band spectra does not need to consider absolute values of light intensities. Since, most of the time, experimental data are relative values, we can consider only theoretical relative values, as given in equation (4).
The UV OH spectrum
The OH UV spectrum is frequently observed in many kinds of flames and hot gases containing oxygen and hydrogen. In addition, the rotational temperature of the OH radical is close to the gas temperature [3] , i.e. to the temperature determined using an enthalpy balance. The OH band (A 2 , ν = 0 → X 2 , ν = 0) has been studied thoroughly by Dieke and Crosswhite [4] , and shows a red degradation with four main band heads R 1 , R 2 , Q 1 , Q 2 at 306.537 nm, 306.776 nm, 307.844 nm and 308.986 nm, respectively. The paper by Diecke and Crosswhite [4] gives the wavelengths of the different rotational lines of the different branches, the energy of the upper level of each transition (in cm −1 ), and the normalized intensity I nmref of each line for a reference temperature T ref = 3000 K. Figure 1 gives a plot of the rotational lines represented as Dirac impulses for the reference temperature T ref = 3000 K. Rotational lines are presented in table 1, and the corresponding data are used as input data in the simulation program. We have to emphasize that some weak transitions are given in [4] without being attributed to any coherent transition of the OH spectrum. Consequently, these weak transitions have been omitted in our procedure.
Optical apparatus function
In experimental spectroscopy, it is necessary to measure the apparatus function either by employing a laser line (that may be considered as a Dirac impulse δ(λ 0 )) or by employing sharp lines emitted by a spectral lamp (a low pressure mercury lamp for example). In many experimental conditions, the apparatus function (i.e. the impulse response of the optical device) can be well fitted with a Gaussian profile as a function of the wavelength λ. In addition, lines emitted by hot gases are broadened by different effects [3] . Consequently, the best way to mathematically represent the apparatus function is to consider a normalized Gaussian profile given by:
where represents the full width at 1/e of the maximum located at the wavelength λ 0 .
Numerical simulation: calibration
Using reference data and equation (4) , a Dirac synthetic spectrum is first computed for a given temperature T , assuming that Z(T ref )/Z(T ) = 1 in equation (4) . Then, the Dirac spectrum is convoluted with a Gaussian apparatus function (equation (5)) to produce a synthetic spectrum. A set of about 2000 synthetic spectra has been computed for temperatures varying from 600-9000 K, in 200 K steps, and for varying from 0.02-0.98 nm, in 0.02 nm steps. This data set is stored on disc for data processing. Figure 2 gives a plot of synthetic spectra for an apparatus function width = 0.1 nm and for a rotational temperature varying from 1000-8000 K, in 1000 K steps. An important point is that all the synthetic spectra have been normalized against the intensity of the group of unresolved rotational lines G ref (see figure 2 ) at ≈309 nm, which appears to be the relative strongest group of unresolved lines when the rotational temperature is lower than 4000 K.
A quick survey of figure 2 shows the presence of two groups of unresolved rotational lines, G 0 and G 1 , the amplitudes of which are very sensitive against the rotational temperature. A more detailed analysis of the groups G 0 and G 1 shows that the wavelength of their maximum amplitude varies as a function of the temperature T .
In order to avoid the difficulties encountered in experimental measurements of group line intensities it has been decided to only consider the maximum amplitude of the groups of lines G 0 and G 1 as a function of the temperature.
It is obvious that this choice is dependent on the apparatus function width that must be precisely determined.
The typical evolution of the maximum amplitude of G 0 /G ref and G 1 /G ref as a function of the rotational temperature is given in figure 3 for an apparatus function width = 0.12 nm. From figure 3, we notice a high sensitivity of these maxima in the temperature range 1000-4000 K. This sensitivity decreases when the temperature is higher than 4000 K, and then leads to an increase of the error percentage in a temperature determination.
For a practical determination of the temperature from an experimental UV OH spectrum recorded with a known apparatus function width, we give the tables 2, 3, 4 and 5 that present the ratios G 0 /G ref and 
Check of the method
Published works
A check of the temperature determination method has been made by considering the OH spectra given in [3] . The authors give the apparatus function by considering the full width at half maximum (FWHM) δ of a Gaussian profile. For comparison, the δ parameter has been transformed into the full width at 1/e of the maximum with the relation δ = √ ln 2. In all cases, since the spectra have been recorded in plasmas with copper electrodes, only the group of unresolved lines G 1 has been considered, because of the presence of a copper line at the wavelength λ = 306.341 nm that can perturbate the amplitude of the group G 0 . Pellerin et al [3] presented a figure of the UV OH spectrum recorded on a plasma jet containing water. The spectrum was obtained with an optical apparatus function width = 0.0456 nm. Using a rule, it is easy to measure the amplitudes of the unresolved groups of rotational lines G 1 and G ref . Graphical Table 3 . table 4 to obtain data corresponding to = 0.0456 nm, we find a temperature value of 4000 K. This value is in close agreement with the temperature value of 4100 K proposed by the authors.
Recombining plume of an argon plasma jet
It is now well established that dc argon plasma jets can have two kinds of flows, depending on the values of the plasma gas flow rate [5] , on the current intensity and on the anode nozzle diameter. In the case of a turbulent flow, the plasma jet is short and very noisy. On the other hand, in a laminar flow, the jet is well structured with a hot and bright core followed by a recombining plume, the length of which can reach about ten centimetres. The axial temperature profile shows a rapid decrease as a function of the distance from the anode. In the laminar recombining plume, the temperature is generally too low to employ emission atomic spectroscopy (including line intensity ratio or line broadening) and, consequently, other methods have been used in the past, such as in situ probes, or interferometry [6, 7] .
The temperature determination presented here is realized in the plume of a laminar argon plasma jet.
Experimental set-up.
The experimental set-up includes a commercial dc plasma torch (SAF Soudure Autogène Française trademark) operating at atmospheric pressure in ambient air, with an axial injection of pure argon controlled with flowmeters. The arc current intensity, limited at 250 A is supplied by an ac/dc power converter (Soudure Autogène Française trademark). The anode is in copper, and the cathode is in tungsten; the electrodes are water cooled.
The experimental conditions presented in this paper have been chosen to produce an argon laminar jet. The experimental conditions are as follows: for an anode diameter of 3 mm, the gas flow rate is 6 slm and the current intensity is 120 A.
The spectroscopic acquisition chain includes a Cromex monochromator of theÉbert-Fastié type, with a focal length of 0.5 m. It has a 1200 grooves mm −1 grating working in the first order. Photodetection is accomplished with a Princeton OMA III equipped with a matrix CCD array having 512 rows of 1024 pixels. In the first spectroscopic order, the detector covers a spectral range of 45 nm. A CaF 2 lens (transparent Table 4 . Maximum amplitude of the unresolved group of rotational lines G 1 as a function of the temperature and for varying from 0.04-0. in the UV spectrum) forms the image of the plasma jet with a magnification of 1. A quartz optical fibre put in the focal plane of the lens is used to sample plasma radiation along a diameter of the plasma column. We have checked that the intensity ratio of two atomic lines of Cu I did not change along different cords of the plasma column. This observation means that the temperature profile is rather flat along a diameter of the recombining plasma column. The apparatus function of the optical device has been measured using a spectral mercury lamp. The shape of a line has been successfully fitted with a Gaussian profile and leads to a full width at 1/e of the maximum of 0.2 nm. Let us emphasize that the resolution of the optical system is too low to observe a separation of the rotational lines of the UV OH spectrum. The spectroscopic investigation is made in the near UV, in the range 290-330 nm.
Results and data processing.
An efficient method to observe the OH spectrum in a plasma jet consists of introducing a small percentage of water vapour into the plasma [3] . A first attempt has been made by bubbling the working gas (pure argon) in through water at the input of the device. From our observations, it was very difficult to control the fraction of water injected into the plasma torch. At least, the effect of water vapour condensation on the cooled parts of the torch produced important instabilities of the plasma jet with a typical time of about 10 s. Since the laminar plasma jet acts as a pump (figure 4) for the ambient air [6] , we found that it was possible to observe the UV OH band at 306.357 nm without seeding the working gas with water vapour, because of the small amount of water vapour present in ambient air.
A typical recorded spectrum is given in figure 5 , and exhibits both the presence of neutral copper lines, and of the UV OH band at 306.357 nm. The copper lines come from the anode that is easily eroded when the plasma jet is laminar.
The determination of the temperature can be performed using the intensity ratio of the two main Cu I lines available in the spectrum. The parameters of these two lines are summarized in table 6 [8] .
The intensity ratio of the two lines can be expressed as a function of the temperature T under the assumption of local thermodynamic equilibrium. Using the subscripts '1' and '2' for the two lines, we have:
where I 1 and I 2 represent the intensities, ν 1 and ν 2 the frequencies of the two lines, and k is the Boltzmann constant. The application of the intensity ratio gives the temperature T = 4400 K. Figure 6 gives a plot of the UV OH band observed in the recorded spectral area. The three groups of unresolved rotational lines, labelled G 0 , G 1 and G ref , are easily identified (see figure 2) . We have to emphasize the presence of a Cu I line located at the wavelength λ = 306.341 nm that may give a perturbation in the intensity of the group of lines G 0 . For this reason, the group of lines G 0 will not be used to carry out a temperature value.
From the measured intensity ratio of the two groups of lines, we obtain a rotational temperature of 3800 K, that is lower than the excitation temperature obtained from the intensity ratio of the copper lines. However, the rotational temperature determined by the OH spectrum calibration is very close to the temperature obtained with interferometry [7] , that is an enthalpic temperature obtained using Gladstone's law.
Conclusion
In this paper, we have presented a very sensitive variation of a group of unresolved lines in the UV OH spectrum, that have been calibrated using numerical simulations. Calibration data are given in table form for practical use. It is clear that the main errors in a rotational temperature determination come from:
• the determination of the underlying background continuum, necessary to measure the maximum amplitudes of the groups of unresolved rotational lines; • the evaluation of the apparatus function.
A possible direct application of this work is the elaboration of an 'OH molecular pyrometer', actually studied in our research group. A paper presenting and giving the computer program used to produce the synthetic spectra is presently in preparation.
